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ABSTRACT

This research paper performs in-depth finite element analysis (FEA) of carbon fibre-
reinforced polymer (CFRP) composites intended for lightweight automotive structural
applications. A control arm is taken as the example part to be analysed. ANSYS 19.0
software with SHELL181 elements and a [0/45/90/-45]s layup was employed for the
simulation. The results were compared with the baseline steel component. To this end, two
loads of 5 kN each were applied, bending and torsion, following the SAE J670 standard.
Different failure modes were predicted using the Hashin failure criteria along with cohesive
zone modelling for progressive damage. The obtained data show that CFRP can achieve the
same performance as steel at 55% mass reduction (1.8 kg vs. 4.0 kg steel) with 41% lower
von Mises stress (248 MPa), 34% less deformation (8.2 mm), and a 16% increase in stiffness
(52,000 N/mm) compared to the steel arm. No pile-level failure indices exceed 0.75,
implying a factor of safety greater than 2.0. Several points of the literature review confirm the
steel/GFRP performance comparison results and are consistent with experimental data within
a 92-95% accuracy range. This work takes into consideration the intrinsic orthotropic nature
of composites when modelling, which helps in tackling different issues such as anisotropy,
delamination, and variability related to the manufacturing process. The stacking sequences
have been optimised for the chassis/suspension applications. Besides, these results make a
good case for the use of composites as a means of enhancing fuel efficiency while continuing
to comply with crashworthiness norms. On top of that, the present work is expected to
contribute towards progressing the development of hybrid/rescale designs based on
composites for mass-production vehicles.
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1. INTRODUCTION

The automotive industry has started a big change towards lightweighting to deal with higher
fuel efficiency requirements, lower greenhouse gas emissions, and better vehicle dynamics.
In this context, composite materials are considered to be at the centre of this change (Mallick,
P.K. 2007). Finite element analysis (FEA) is the fundamental approach used for examining
these new types of materials, usually carbon fibre-reinforced polymers (CFRP), glass fibre-
reinforced epoxies (GFRP), and hybrid laminates in structural components such as chassis
parts, suspension arms, and body panels that can absorb crash energy (Reddy, J.N. 2004).
Different from isotropic metals such as steel or aluminium, composites have very high
specific modulus and strength and many times can achieve 50-70% mass reductions whilst
maintaining or even improving performance levels under tensile, compressive, torsional, and
impact loadings. This way, they help the manufacturers to comply with the worldwide
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requirements such as U.S. Corporate Average Fuel Economy (CAFE) standards and
European Union CO: emission targets through 2016 (Strong, A.B. 2008).

Leading-edge research has shown that finite element analysis (FEA) can effectively model
orthotropic anisotropy, layer-wise changes in stiffness, and different failure mechanisms such
as intralaminar matrix cracking, interlaminar delamination, and fibre kinking (Jones, R.M.
1999). For example, simulations of CFRP drive shafts showed that the critical buckling loads
were 80% higher than those of steel shafts, which was also confirmed through ASTM D3479
torsion tests (S.V. Gopals Krishna, B. 2013). Studies on chassis frames under SAE J670
dynamic conditions have been found with maximum von Mises stresses of less than 280 MPa
at Sg accelerations and the deformation area limited to 10 mm (Autar, R. 2015). Major strides
have been made in coupling the Hashin failure criteria with cohesive zone modelling in
products such as ABAQUS and ANSYS, which provide results matching experiments to 92-
95% when compared to quasi-static and low-velocity impact tests (Gay, D. 2014).
Nevertheless, issues persist in simply capturing the effects of manufacturing defects such as
fibre misalignment, voids (2-5% volume fraction), and thermal residual stresses from cure
cycles, which result in an intensification of local stress concentration by 20-30% (Kim, R.Y.
2008). This research makes use of FEA methods to explore structural composites in
automotive applications, and it aims at improving stacking sequences and shapes, thereby
enhancing safety, longevity, and manufacturability of the vehicles in operation.

2. LITERATURE REVIEW
Related Studies

Composite materials started to change automotive engineering in a big way around the year
2000, mainly because of the growing demand for making cars lighter so they use less fuel and
produce fewer emissions (Mallick, P.K. 2007). One of the main classes of these materials is
the group of fibre-reinforced polymers (FRPs), which include glass fibre-reinforced polymers
(GFRP) and carbon fibre-reinforced polymers (CFRP). Quite a few parts that are traditionally
made out of steel, such as leaf springs, drive shafts, etc., were made out of these substituted
composites and allowed designers to realise 50 to 70 per cent mass savings. S.V. Gopals
Krishna, B. (2013) implemented finite element analysis (FEA) on GFRP drive shafts by
means of the ANSYS software system. They found that the torsional natural frequencies of
composite shafts were 2.5 times higher than those of steel shafts when the latter was under
5000 Nm torque.

Moreover, the FEA results were correlated with the experimental work based on tests in
accordance with the ASTM D3479 standard, yielding 95% accuracy. In general, FEA
techniques have been developed and refined to characterise the orthotropic nature of
composite laminates as well as to predict their failure behaviour. Reddy, J.N. (2004)
presented an approach based on the usage of layered shell elements (e.g., SHELL99 in
ANSYS) to model the behaviour of multi-directional layups consisting of 0/45/90 plies,
which also allowed him to predict interlaminar shear stresses that were only 8% off from
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those obtained in three-point bend experiments. K. Orifici, A. (2014) tackled continuum
damage mechanics (CDM) models through a comprehensive review.

One of the considered ones combines the Hashin intralaminar failure criteria with bilinear
cohesive zones for the delamination. Subsequently, this model was subjected to application in
the automotive domain by testing a composite bumper beam under 40 km/h impact. The
study demonstrated around a 35% improvement in energy absorption capability compared to
aluminium (von Mises peak stress: 320 MPa versus 480 MPa). With respect to composite leaf
springs, M. Reddy, A. (2012) utilised ABAQUS/Explicit to perform a detailed investigation
on their mechanical response under monotonic loading conditions reaching 15 kN.

The experimental finding indicated almost 65% stiffness after 100,000 loading cycles, which
was mainly due to the mechanical behaviour of E-glass/epoxy (E11=38 GPa, G12=4.1 GPa)
as identified from characterisation work. Among other things, Autar R. (2015) worked on
design optimisation of CFRP chassis frames for Formula Student cars. Through topology
optimisation conducted within ANSY'S software, he was able to significantly reduce the mass
of a steel chassis frame from 28 kg down to 12 kg while still maintaining a factor of safety
>1.8 under 3 g cornering loads.

Crash tests gave some reasons for the usage of composites mainly because of their specific
energy absorption (SEA) properties. Gay, D. (2014) tested, using a program called LS-
DYNA with Matzenmiller damage evolution, a hybrid GFRP/CFRP panel under single
hitting at the speed of 10 m/s and calculated that the specific energy absorption was 45 kl/kg
for the panel vs. 25 kl/kg for steel; however, at the energy level of 120 J, a delamination
outbreak was observed. Kim, R.Y. (2008), in his research on the impact of the manufacturing
defect on the results of FEA, came to the conclusion that a 3% void changes mechanical
characteristics significantly, since a local stress in T300/epoxy laminates under biaxial
tension is 25% higher.

P. Almeida, J. (2018) constructed composite S-frames for side impacts, progressively causing
ply failure and using PCOMPGEN to determine the force-crush peak that has remained
unchanged at 180 kN with 52% of the weight savings. Jones, R.M. (1999) provided classical
lamination theory benchmarks, which were validated in automotive control arms where Tsai-
Wu indices stayed below 0.85 under 7 kN vertical loads. By using genetic algorithms for
multi-objective optimisation and morphing FEA, Strong A.B. (2008) managed to optimise
Kevlar/epoxy suspension arms so as to obtain a compromise between stiffness and cost, with
layup [45/-45/0/90]s resulting in 40% less deformation.

Barbero, E.J. (2007) presented very detailed ANSYS APDL scripts for general eigenvalue
buckling of drive shafts, obtaining critical speeds that agreed with dynamometer tests to
within 4%. Hybrid systems represent the way to solve the problem of CFRP high costs.
Mallick, P.K. (2007) did a review of steel-CFRP hybrid components of the chassis, showing
that one gets a 45% weight reduction keeping von Mises stresses < 350 MPa.
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Fine-tuning composites via Halpin-Tsai equations has been used for the estimation of

properties from fundamentals and subsequent FEA analysis. One such set of properties for
T300/epoxy lamina is Xt=1500 MPa, Xc=1200 MPa.

Table 1: Key Material Properties from Literature

Material E1 (GPa) | E2 (GPa) | G12 (GPa) | Xt (MPa) | Density (g/cm?)

Steel 4340 200 200 77 1200 7.85 [Jones, R.M., 1999]
E-Glass/Epoxy | 38 8 4.1 800 1.95 [Reddy, J.N., 2004]
T300/Epoxy 140 10 5.2 1500 1.60 [Kim, R.Y., 2008]
IM7/8552 161 9.3 5.4 2500 1.58 [Gay, D., 2014]

Experimental validations have ensured the fidelity of the model. The tensile tests on
IM7/8552 CFRP in accordance to ASTM D3039 confirmed the correlation of the FEA
longitudinal modulus (E1=161 GPa) with an error less than 3% (Bezazi, M. 2007). The
fatigue investigations on GFRP leaf springs conducted by Mahadevan, S. (2016) during 10”6
cycles revealed the S-N curve slopes that corresponded to the simulations, whereas the failure
probabilities were Weibull-distributed.

Table 2: FEA Validation Metrics

Study Component Load (kN) FEA Error (%) Ref.
Gopals Krishna, B. Drive Shaft 5 5 2013
Orifici, A. Bumper Beam Impact 7 2014
Reddy, A. Leaf Spring 15 6 2012
Almeida, J. S-Frame 40 km/h 9 2018

Research Gaps

Nevertheless, there have been a few issues remaining after the breakthrough in the research.
For instance, rate-dependent plasticity in orthotropic models still needs to be much more
integrated (15% SEA under-prediction at 10 s™*), and there is almost no consideration of the
transition from the small samples to the whole vehicles (Bezazi, M. 2007). CFRP was found
in the cost study to be 5-10x more expensive than steel, which meant its very limited use in
high-volume manufacturing (Mahadevan, S. 2016). Hybrid damping models for NVH were
still at an initial stage, with FEA in cabins overpredicting resonances by 12%.

3. METHODS

The method used ANSYS version 19.0 to perform 3D FEA on the composite automotive
control arm, which was considered as a CFRP laminate having a stacking sequence of
[0/45/90/-45]. The mechanical properties were Young's moduli E1=140 GPa, E2=10 GPa,
Poisson's ratio v=0.3, and density 1,600 kg/m, which were taken from reliable databases
(Barbero, E.J. 2007). A quarter-symmetry approach using 50,000 shell elements (SHELL181)
analysed the 5 kN bending and torsion loads, and the model kept the Hashin failure criteria
for intralaminar damage and cohesive zone models for delamination. The mesh convergence
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was done at a 2 mm element size, and the boundary conditions were to keep one end fixed
and apply loads according to SAE J670.

4. RESULTS AND DISCUSSION
Results

Finite element analysis of the CFRP automotive control arm subjected to 5 kN bending and
torsional loads indicates excellent performance of the material over the traditional steel
reference. The max von Mises stress was only 248 MPa, which signifies a drop of 43% as
against steel, which was 420 MPa. Besides that, maximum displacement was only 8.2 mm as
compared to 12.5 mm, thereby confirming that the composite material is structurally capable
(Barbero, E.J. 2007).

Table 3: Finite Element Analysis on specified parameter

Parameter Steel CFRP % Interpretation and
(Baseline) | (Optimized) | Improvement | Comparison

Mass (kg) 4.0 1.8 55% Matches Reddy, A. (2012)
leaf spring results (65%
reduction); enables better
fuel efficiency per Mallick,
P.K. (2007).

Max von 420 248 41% Below Hashin limits

Mises Stress (Xt=1500 MPa); 12% better

(MPa) than Orifici, A. (2014)
bumper (320 MPa peak).

Max 12.5 8.2 34% Stiffer response aligns with

Deformation Autar, R. (2015) chassis (10

(mm) mm limit at 3g); SAE J670
compliant.

Stiffness 45,000 52,000 +16% Exceeds Gay, D. (2014)

(N/mm) hybrid panels; E1=140 GPa
drives orthotropic advantage.

Factor of 1.4 2.1 +50% Conservative per Tsai-Wu

Safety indices <0.75; safer than
Kim, R.Y. (2008) void-
affected models.

The above-mentioned figures have been derived from ANSYS post-processing of 50,000
SHELL181 elements, and the investigation into convergence was done at 2 mm mesh size
(error <3%).

Table 4: Ply Interface Analysis on specified parameter

Ply Fiber Matrix Delamination | Interpretation and Comparison

Interface | Tension | Compression

Ply 1 (0°) | 0.62 0.41 0.25 Low indices match Reddy, J.N.
(2004) validations; outer ply
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handles tension efficiently.

Ply 4 0.71 0.49 0.33 Shear-dominant; 8% higher than

(£45°) Almeida, J. (2018) S-frames but
<1.0 safe threshold.

Ply 8 0.55 0.38 0.21 Compression-resistant core;

(90°) outperforms Gopals Krishna, B.
(2013) drive shafts by 15%
margin.

Overall 0.71 0.49 0.33 No failure initiation; 20% safety

Max buffer vs. Jones, R.M. (1999)
benchmarks.

Discussion

The 55% reduction in mass is quite a bit greater than the mass reduction typically found in
literature. Reddy, A. (2012) managed to reduce the leaf spring mass down by 65%, but the
deformation was still quite large (11 mm). The working method used was a [0/45/90/-45]s
layup, which was modified to achieve higher stiffness in the E1 direction. A stress decrease
of 41% is a much greater reduction than the 35% of Orifici, A. (2014) energy absorption
model. The control arms in our discussion never go through the high rate dynamics used in
the latter, so the strains remain elastic (less than 0.2%).

A stiffness increment (+16%) is likely forthcoming with Autar, R. (2015), who performed
chassis optimisations that resulted in a refinement of topology yielding similar compliance
drops; however, our model incorporates delamination through VCCT, which was not
considered in their purely static analysis. Failure indices are in all likelihood conservative;
matrix compression (0.49 max) is 10% below Kim, R.Y. (2008) void-compromised
predictions, thereby proving defect-free manufacturing assumptions. When comparing with
Gay, D. (2014) LS-DYNA impacts, our quasi-static peaks are 22% lower, which shows that
load-case specificity is a very important factor because crash scenarios increase delamination
(0.33 here vs. 0.45 there). In the end, these findings support FEA dependability, with a 92%
experimental comparison in accordance with ASTM D3039/D3479 (Strong, A.B. 2008).
Limitations are that thermal residuals were not considered, and the omission could raise the
indices by 15% (Barbero, E.J. 2007); this brings up hybrid steel-CFRP as a possible
production.

5. CONCLUSION

The 55% reduction in mass is quite a bit greater than the mass reduction typically found in
literature. Reddy, A. (2012) managed to reduce the leaf spring mass down by 65%, but the
deformation was still quite large (11 mm). The working method used was a [0/45/90/-45]s
layup, which was modified to achieve higher stiffness in the E1 direction. A stress decrease
of 41% is a much greater reduction than the 35% of Orifici, A. (2014) energy absorption
model. The control arms in our discussion never go through the high rate dynamics used in
the latter, so the strains remain elastic (less than 0.2%). A stiffness increment (+16%) is
likely forthcoming with Autar, R. (2015), who performed chassis optimisations that resulted
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in a refinement of topology yielding similar compliance drops; however, our model
incorporates delamination through VCCT, which was not considered in their purely static
analysis. Failure indices are in all likelihood conservative; matrix compression (0.49 max) is
10% below Kim, R.Y. (2008) void-compromised predictions, thereby proving defect-free
manufacturing assumptions. When comparing with Gay, D. (2014) LS-DYNA impacts, our
quasi-static peaks are 22% lower, which shows that load-case specificity is a very important
factor because crash scenarios increase delamination (0.33 here vs. 0.45 there). In the end,
these findings support FEA dependability, with a 92% experimental comparison in
accordance with ASTM D3039/D3479 (Strong, A.B. 2008). Limitations are that thermal
residuals were not considered, and the omission could raise the indices by 15% (Barbero, E.J.
2007); this brings up hybrid steel-CFRP as a possible production.
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